This study evaluates the chronic effects on the central nervous system of exposure to low concentrations of toluene (TWA < 20 ppm) on workers in a rotogravure plant. Ninety-eight male workers from a selection pool of 107 (92%) were examined neuropsychologically using a Cognitive Function Scanner, and neurologically by computerized methods measuring co-ordination ability, tremor and position stability. In addition measures of symptoms and former exposure were obtained by questionnaire. The workers were divided into three groups: Group 0 with no exposure to organic solvents (n = 19); Group 1 with exposure to TWA < 20 ppm of toluene for less than 13 years (n = 30) and Group 2 with exposure for more than 12 years (n = 49). Within Group 2, 37 (75%) had been exposed at levels exceeding 100 ppm for 10+ years before 1983. No significant differences were found between Group 0 and Group 1 regarding symptoms and results of the applied tests. Group 2 differed significantly from the two other groups in scoring higher on a symptom index (p = 0.04), particularly regarding concentration ability, reduced memory and fatigue. Group 2 scored significantly poorer on tests for visuospatial function, number learning and word recognition, while no differences regarding neurological functions were observed. The study showed no differences regarding neuropsychological and neurological functions between a non-exposed group of male workers and workers exposed to toluene less than 13 years at TWA < 20 ppm. However, long-term exposure to TWA (time weighted average) of toluene exceeding 100 ppm was associated with impaired neuropsychological function.
INTRODUCTION
Due to its usefulness as a cleaning agent and solvent, toluene is a frequently used substance in industrial applications. Within the graphics sector alone, estimated consumption in Denmark in 1996 was 6,300 tonnes. 1 In 1992 an international panel of experts recommended a threshold limiting value (TLV) of 20 ppm. 2 This recommendation was based on studies showing effects on the central nervous system and irritation of the mucus membranes at exposures higher than 40 ppm 3 and reproductive effects at exposures higher than 100 ppm. 4 Despite the wide use of toluene and the known acute neurotoxic effects at high levels of exposure, Further the authors concluded that reduced spatial memory capability might be a result of long-term exposure at this level. Ukai et al. found among 452 toluene exposed workers with exposure as low as 24.7 ppm (mean) and 517 controls a dose-dependent increase in complaints during and after toluene exposure. Especially interesting is the dose-dependent relationship between the inability to concentrate (as a off-work symptom), and toluene exposure levels of 1-20 ppm. 7 Larsen et al. found a significantly greater prevalence of mild chronic encephalopathy among 22 rotagravure workers exposed to toluene for a minimum of 12 years compared to 19 unexposed matched controls. 8 Besides these studies concerning humans and neuropsycotogical long-term effects of toluene, studies of a single exposure at levels below those mentioned above do not exist (search on Medline, Nioshtic and Toxline, February 1999).
Foo et al. examined 30 females (mean age = 25.6 years) exposed to TWA 88 ppm. compared with 30 agematched females. It was concluded that performance on tests that measured manual dexterity, verbal memory and visual cognitive ability was impaired by occupational exposure to low concentrations of toluene. 9 In a 2-year prospective study White et al. found significantly poorer performance on visual memory tasks among 30 screen printers exposed to mixed solvents (toluene, among others). 10 Kishi et al. found toluene exposure significantly correlated with impaired performance on the Santa Ana test and visual cognitive function among 81 male painters with a mean age of 31.5 years exposed to a variety of mixed solvents for 1-43 years. The most frequently encountered solvents were toluene, xylene and mineral-spirits. 1 ' After controlling for vocabulary only, associations of exposure and performance on the Santa Ana test remained. It was concluded that no definitive conclusion about the neurobehavioral effects of long-term low level exposure could be drawn from this study. Likewise, the study performed by Gupta ct al. considered mixed exposure to various solvents. Fortyfive workers exposed to xylene and toluene were compared with 25 non-exposed controls. Performance of the immediate and delayed memory and visual ability was significantly, adversely affected in the exposed workers. The authors concluded that exposure to toluene and xylene at levels regarded as safe can result in disruption of the central nervous system. 12 In a study of 113 male car painters exposed mainly to toluene, xylene and methyl ethyl ketone (0.10-2.29 of hygienic effect) SeHoon Lee et al. found poorer performance of Benton visual retention in the exposed group when compared to a non-exposed control group after controlling for confounders. 13 This study was undertaken at the request of the company in which it took place, a rotogravure plant. The plant produces magazines by using photogravure technique. In this technique toluene is the only solvent used. In the printing hall printers control the printing process. When problems occur (the paper is torn, etc.) or when the printing process is finished it is the workers job to clean up the machine. This cleaning process involves extreme toluene exposure. Other job categories include lithographers who engrave the print cylinders (no toluene exposure), blacksmiths and electricians doing repair work and staff in the offices and canteen (no toluene exposure).
In 1996, TLVs of toluene in Denmark were decreased from 50 to 25 ppm. The aim of this study was to evaluate whether work under current exposure conditions -existing since renovations were carried out in 1983 -could have chronic effects on the central nervous system.
MATERIALS AND METHODS

Materials
At the beginning of the study on 1 October 1996, all employees at the rotogravure plant with over 6 months of employment (a total of 118 workers) received an invitation to participate in the study.
Nine male employees did not wish to participate in the study. Suspicion towards the study, previous participation in similar studies and long-term sick leave (heart disease) were the reasons given.
Of the nine non-participants, three were printing workers with an average age of 59 years, three were printers with an average age of 56 years and three had other work functions (no exposure). One male employee did not complete the study due to illness. The participation rate was 92%.
The 10 female workers at the plant were excluded from the data processing to avoid possible bias arising from divergence in the metabolisms of the two genders. 14 Only two of the female workers were exposed (printers). The rest worked as secretaries and staff in the canteen.
The study population therefore consisted of 98 male employees: 10 lithographers, 42 typographers, 23 printing workers and 23 employees with other work functions, including blacksmiths, electricians and executive staff/ foremen.
Methods
A comprehensive questionnaire was sent out concerning previous and current illnesses, symptoms and medical treatment The questionnaires also included questions concerning previous and current employment and exposure to organic solvents -toluene in particular.
Two examination days were spent on each subject; to increase participation the examinations were conducted within the employees' regular work hours.
On the first day of examination the subjects returned the completed questionnaires and underwent a thorough computer-aided neuropsychological examination by means of a Cognitive Function Scanner.
15>16 This neuropsychological examination took an average of 75 min per subject and included the following functions: verbal learning and memory (Number Learning Test with selective reminding and Word Recognition Test), non-verbal learning and memory (face recognition), visuomotor function (continuous and discrete eye-hand co-ordination) separately for the right and left body-half/hemisphere ( Figure Drawing Test and Pen-to-Point Test), visuospatial function (Parallelogram Test) and attention and concentration for visual and auditive input (BourdonWiersma Test, Continuous Graphics Tests and Reaction Time Test). All memory tests included an immediate learning phase and a retention phase. The Cognitive Function Scanner® test battery has been shown to not be very sensitive to diurnal variations. 17 - 18 All examinations were conducted by the same experienced neuropsychologist. Within the three exposure groups the computeraided tests were spread randomly over the working hours in the daytime shift.
During the second day of examination the subjects went through a computerized neurological examination. The examination took approx. 20 min, and included the CATSYS test 19 the TREMOR test 20 and the SWAY test. 21 With the CATSYS test the following three functions were evaluated:
1. hand pronation/supination at a fixed slow metronome beat; 2. finger tapping at a fixed fast beat and 3. finger tapping at an accelerating beat.
The TREMOR test recorded tremor in the right and left hand, respectively. During an 8.5 second period the accelerating vector in a plane perpendicular to the axis from the elbow through the fingers was recorded at the finger tips by means of a Tremor Pen, which was held as an ordinary pen with the arm hanging loosely and relaxed, and the hand approximately 5 cm in front of the navel. The tremor intensity, defined as the RMS acceleration in the frequency band 0.8-15 Hz was calculated. 20 The SWAY test measured the deviation in two directions (left and right lateral and anterior-posterior directions) in the course of one minute, while the subject was standing at the test plate with his eyes closed. The total deviation is used as a result.
The examination process was concluded with a medical interview. At the interview the questionnaire was reviewed, with the main emphasis placed on employment and exposure conditions as well as acute and chronic symptoms related to exposure to organic solvents.
Exposure assessment
In the applied printing technique 'rotogravure', toluene was the only organic solvent used. Other neurotoxic compounds were not used in the plant. Over the years, several toluene measurements were performed in the printing hall (Table 1 ). The measurements were instigated by the occupational health service unit in order to evaluate the working environment of the employees (1992 and 1994). Measurements taken in 1977-79 and 1981 were made in connection with the planning and complete reorganization of the printing room which included shielding of colour works and implementation of efficient air conditioning. Measurements were taken in the course of normal production routines. Only a limited amount of technical information from these measurements were accessible. The personal dosimeter is a carbon tube placed within the person's breathing zone. The tube is attached to an air pump (Sibin) which actively sucks the air into the tube. The sampling time was 2-2)4 hours. Afterwards the samples of toluene were eluted with carbon sulphate and analyzed by gas chromatography. In 1992 so-called ATD-tubes were used. The sampling was effected by passive diffusion for up to 5 hours. The analyses used was thermal desorption followed by gas chromatography. In 1994 the technique used was photo-ionization. Except for individual measurements taken in connection with the washing of cylinders, exact exposure values for highly exposed jobs were not available.
Due to concerns about the work environment at the beginning of the 1980s, the printing hall was significantly renovated. The printing press was shielded and extraction was established at all the colour works. It is apparent from the measurements taken that exposure in the printing hall decreased significantly -from approximately 100 ppm before completion of the reorganization to 25-32 ppm afterwards. However, there are currently still procedures involving high exposure, e.g., the cleaning of cylinders. For these procedures the use of a respiratory protective device is required, but is not used consistently. These procedures are only conducted for approximately 1 hour a day.
On the basis of the measurements shown in Table 1 , as well as oral statements describing former work conditions, the daily exposure associated with the work was assessed at approximately 100 ppm (TWA) before 1983 and less than 20 ppm (TWA) after 1983.
On the basis of information on previous and current exposure conditions, the material was separated into three exposure groups ( Table 2 ). The workers forming the 'unexposed' group was either employed at the office in the same building as the printing hall but separated by two doors, or they were electricians and smiths only occasionally visiting the printing hall. The three exposure groups were:
• Group 0: No exposure to organic solvents. Work sites with documented exposure to toluene less than 5 ppm. • Group 1: 1-12 years of exposure, of which 4 years could be from other similar work places. • Group 2: More than 12 years of exposure (13-40 years). Exceeding a possible low level of exposure after 1983, the men in this group had been exposed to levels exceeding 100 ppm for up to 27 years: 12 (25%) for 4-9 years; 20 (41%) for 10-19 years and 17 (35%) for more than 20 years prior to 1983 at the plant examined or other similar plants.
Data analysis
All data was analyzed using the SPSS package. Exposure Group 0 was used as the reference group. The answers to the questionnaire were tested using the x 2 testLogistic regression analysis was used when the analysis included correction of, e.g., age by forced entry. Generally, differences rendering p-values less than 0.05 were considered significant.
The results from the neurological and neuropsychological tests were tested with the Mann-Whitney Test with 0.05 as the level of significance. Furthermore, the time parameters, following the normal distribution, were analyzed by means of linear regression with adjustment for age.
In evaluating the questionnaires a symptom index was constructed. A negative response was assigned the value of'0', an unsure response the value of'1', and a positive response the value of '2'. For each person, the answers were totalled, resulting in the person's symptom index.
RESULTS
In the answers to the questionnaires, only concentration difficulties were significantly increased in the highly exposed group. The prevalence of the symptoms 'to get easily tired' and 'not have as good memory as others of same age' were found to be nearly significant in Group 2 ( Figure 1 ). The only significant difference between Group 2 and the other two groups regarded the prevalence of concentration difficulties. Adjusting for age by logistic regression did not change the findings.
The scores in the symptom index, Group 0 (x = 3.26 (2.5)) and Group 1 (x = 3.13 (3.1)) were found to be on the same level, while Group 2 (x = 4.67 (3.4)) scored significantly higher (p = 0.04). This was true also after correction for age and alcohol consumption. Easily getting tired.
Often having a headache.
Cannot stand up with dissapointments.
Having attacks of dizziness
Not having as good memory as others in same age.
Having difficulties concentrating more than half an hour In the neurological tests no significant differences between Group 0 and 1 were found. Finger-tapping with the left hand was found to be significandy poorer in Group 2 as compared with the two other groups (Table  3) . A linear regression analysis with correction for age did not change these results.
The results of a selection of the neuropsychological tests are presented in Table 4 . It is apparent that among the three groups only a few parameters showed significant differences. In particular, performance time in the Bourdon-Wiersma Test was significantly higher in the highly exposed group (p = 0.02). Additionally this group achieved poorer results in the Parallelogram Test of visuospatial function as well as with the verbal learning and memory tests, Number Learning Test and Word Recognition Test. Adjustment for age did not change this outcome.
No significant differences between Group 0 and 2 were found regarding the word and face recognition test and figure drawing test but in general there was a tendency towards poorer performance in Group 2 as compared with Group 0. No significant differences between Group 0 and 1 were detected.
A significant correlation between the symptom index and (1) the ability to finger-tap to an accelerating rhythm was found (p = 0.04), (2) supination/pronation of the left hand (p = 0.05) and (3) performance in the Continuos Graphics test (p = 0.02).
To test whetfier the significant results were the result of chance alone we summed the results of the three groups of neuropsycological tests in this way: For each group the number of tests in which the group was respectively the best vs. the poorest was summed. Group 2 (with the highest exposure) ranked as the poorest in significantly (p< 0.0001) more tests than die other two groups, who scored quite similarly to one another. Group 0 and Group 1 ranked higher (and equally) in significantly more tests than Group 2 (p< 0.001). 
DISCUSSION
Although a relevant TLV for toluene has been achieved, we have found it of interest to report our results from the present study. We have shown that work with exposure to toluene in time weighted concentrations TWA < 20 ppm for up to 12 years has not led to chronic effects in the central nervous system as compared with work with no toluene exposure. However, regarding this study due consideration should be given to the question of possible misclassification, in particular with Group 1 subjects. Reviewing this group, we found that 80% were exposed to toluene for 5 years or more, and 40% for 8 years or more. Thus there exists a relevant exposure over time.
Since the study is cross sectional and includes only current employees, there is a risk of selection bias. Several older employees have retired within the past few years (personal communication). These people may very well have retired because of problems relating to work routines or health problems, e.g., due to intolerance problems. 14 Within our study group selection has also occurred. Six of the nine workers, who did not want to participate in the study, were printers or printing workers with an average age approximately 10 years above the average age of those workers who did participate. If these persons had been included, poorer results in Group 2 could have been expected.
As mentioned the subjects were examined during working hours. This posed a risk of an acute influence of toluene in the test results. However, Group 1 and 2 were equally likely to be affected by this because of the randomly admitted examination appointments.
Other possible confounders were age and alcohol consumption. However, adjustment for these factors did not change the results.
A previous study conducted by 0rbaek et al. 6 applied similar methods to ours. In this study 30 men with over 10 years of exposure to toluene were examined by means of questionnaire, exposure evaluation and neuropsychological tests. Exposure rates were smaller or equal to 42 ppm. Approximately 40% stated that they had concentration difficulties. Correspondingly, we found approximately 33% reporting concentration difficulties in our highly exposed group. In the study by 0rbaek et al. a socalled neurasthenia index was found to be directly related to the results of the neuropsychological tests, so that an increase in the number of stated neurasthenic symptoms correlated to poorer test results.
Our finding of fewer subjects with concentration difficulties despite a higher exposure than in the the study by 0rbcek et al. suggests several potential errors. First, our evaluation of exposure may be faulty. Special consideration should be given to the fact that high exposure rates were only present until 1983. After this, both exposure groups were exposed to equally low levels.
Despite the weaknesses of the study we have found a number of symptoms of mild toxic encephalopathy in a group of men fit for work with a professional exposure to toluene for over 12 years with an estimated TWA over 100 ppm for at least 4 years (4-27 years). The symptoms were complaints about concentration difficulties, impaired memory and fatigue, as well as affected visuospatial and visuomotor functions and attention. 6 " 13 Work under the described conditions with an estimated TWA of 20 ppm for up to 12 years did not render any detectable chronic cerebral effects, neither as symptoms nor by using computer-aided neurological or neuropsychological testing methods.
